The Young's modulus, s h e a r modulus and P o i s s o n ' s r a t i o w e r e d e t e r m i n e d u s i n g a n u l t r a s o n i c p u l s e e c h o t e c h n i q u e .
INTRODUCTION I t i s w e l l e s t a b l i s h e d t h a t t h e a d d i t i o n of l i t h i u m d e c r e a s e s t h e d e n s i t y and i n c r e a s e s t h e e l a s t i c modulus (1-4). This paper examines t h e i m p o r t a n t p a r a m e t e r s w h i c h i n f l u e n c e t h e e l a s t i c modulus i n c o m m e r c i a l l y i m p o r t a n t a l u m i n u m -l i t h i u m a l l a y s . T h e s e p a r a m e t e r s i n c l u d e s o l i d s o l u t i o n c o n c e n t r a t i o n s , t h e i r volume f r a c t i o n s , and o r i e n t a t i o n e f f e c t s . I n d u s t r y can implement t h e s e r e s u l t s t o produce aluminum-lithium a l l o y s which p o s s e s s an optinium e l a s t i c modulus. EXPERIMENTAL PROCEDURE
?'he a l l o y s s t u d i e d i n t h i s i n v e s t i g a t i o n w e r e d a n a t e d by t h e R e y n o l d s M e t a l s Company, Richmond, V i r g i n i a.
The m a t e r i a l was r e c e i v e d a s h o t c r o s s -r o l l e d p l a t e w i t h a t h i c k n e s s r f 12 mm. The compositions of t h e a l l o y s a r e given i n Table I .
Alloy 7 3 i s s i m i l a r i n composition t o ALCOA's 2090.
The a l l o y s were s o l u t i o n h e a t t r e a t e d a t 5500C f o r 30 m i n u t e s i n a s a l t b a t h and c o l d w a t e r q u e n c h e d ( C W Q ) .
A l l t h e s a > x p l e s , a l l o y s 7 3 , 81, 82 a n d t h e b i n a r y a l l o y w e r e a g e d a t l900C f o r t i m e s f r o m 1 0 m i n u t e s up t o 300 h o u r s .
They w e r e a l l e x a m i n e d i n t h e u n s t r e t c h e d c o n d i t i o n .
Alloy 7 3 was a l s o examined i n a 6 % s t r e t c h e d condition.
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Samples were machined f o r u l t r a s o n i c measurement from t h e c e n t e r of t h e p l a t e .
The s a m p l e s were r e c t a n g u l a r , a b o u t 1 2 x 7 x 5 mm3 i n dimensions.
Longitudinal and t r a n s v e r s e wave v e l o c i t i e s were measured w i t h a 1 0 M H z u l t r a s o n i c pulse echo equipment.
The e l a s t i c modulus, s h e a r modulus, and P o i s s o n ' s r a t i o were c a l c u l a t e d using t h e following equations ( 5 ) 
Q
The d e n s i t y of each sample was measured u s i n g Archimedes p r i n c i p l e .
The d e n s i t y d i d not change upon aging w i t h i n 0.02%. T e x t u r e a n a l y s i s of t h e a l l o y s was performed u s i n g a Siemens t e x t u r e goniometer, s e t up f o r t h e Schulz r e f l e c t i o n technique. Pole f i g u r e s were obtained from each sample.
Transmission e l e c t r o n microscopy was performed using a P h i l l i p s 400 i l 2 0~e v ) i n s t r u m e n t .
Small a n g l e x-ray s c a t t e r i n g (SAXS) was performed a t t h e National Laboratory i n Oak Ridge, Tennessee w i t h CuKa r a d i a t i o n .
A Huber Guinier Camera w i t h a quartz monochromator using Cu Ka r a d i a t i o n was used i n c o n n e c t i o n w i t h t h e d i r e c t c o m p a r i s o n methoa t o determine volume f r a c t i o n s of second phases.
RESULTS AND DISCUSSION
The m i c r o s t r u c t u r e of a l l o y s 73, 81 and 82 d i s p l a y a n e l o n g a t e d f l a t g r a i n s t r u c t u r e due t o r o l l i n g .
T y p i c a l d i m e n s i o n s a r e 220 x 100 x 30 pm3. I n a d d i t i o n t h e r e i s a s u b g r a i n s t r u c t u r e i n t h e s i z e r a n g e of 5 t o 30 pm p r e s e n t .
The b i n a r y a l l o y e x h i b i t e d a f u l l y r e c r y s t a l l i z e d , equiaxed g r a i n s i z e ranging from 340 t o 360 pm.
F i g u r e 1 d i s p l a y s t h e r e s u l t s of TEM and 3 u i n i e r x-ray a n a l y s i s w i t h r e s p e c t t o second p h a s e p r e c i p i t a t i o n a t 1 9 0°C a s a f u n c t i o n of aging time.
I n t h e s o l u t i o n heat t r e a t e d c o n d i t i o n t h e matrix, 6 ' and ~1 3 z r d i s p e r s o i d s were e v i d e n t i n t h e t e r n a r y a l l o y s . The l a t t e r change n e i t h e r d i s t r i b u t i o n nor volume f r a c t i o n during aging.
A f t e r 1 0 m i n u t e s a g i n g a t 1 9 8 C t h e r e i s e v i d e n c e of t h e T I p h a s e i n a l l o y 73, b u t not i n a l l o y s 81 o r 82.
This can be explained by t h e h i g h e r Cu c o n t e n t of 73 r e s u l t i n g i n a s t r o n g e r d r i v i n g f o r c e f o r T1 p r e c i p i t a t i o n .
The T 1 p h a s e n u c l e a t e s h e t e r o g e n e o u s l y a t g r a i n and subgrain boundaries.
The p l a t e l e t s , a f t e r 1 0 minutes aging a t 190°C, a r e a p p r o x i m a t e l y 72 nm l o n g and 8 nm wide.
A f t e r a p p r o x i m a t e l y 90 m i n u t e s a g i n g t i m e t h e T1 phase i s a p p a r e n t i n a l l t h r e e a l l o y s . A f t e r 8 h o u r s a g i n g a t 1900C, t h e r e i s p r e s e n t i n a l l t h r e e a l l o y s some T2 p h a s e w h i c h n u c l e a t e s p r e f e r e n t i a l l y along t h e g r a i n boundaries.
The volume f r a c t i o n of 6' a s a f u n c t i o n of a g i n g t i m e was examined f o r a l l o y 81.
Table I1 shows t h a t t h e d i r e c t comparison method y i e l d e d more c o n s i s t e n t r e s u l t s t h a n t h e TEM method. I n t h e f o r m e r method t h e i n t e g r a t e d i n t e n s i t y r a t i o of t h e (200) and (100) d i f f r a c t i o n l i n e was measured from a G u i n i e r camera e x p o s u r e compared t o t h e c a l c u l a t e d v a l u e and s o l v e d f o r t h e volume f r a c t i o n .
At s h o r t a g i n g t i m e s t h e s u p e r l a t t i c e l i n e was t o o weak t o be measured q u a n t i t a t i v e l y and t h e r e f o r e a SAXS Kratky p l o t was used.
F i g u r e 2 shows t h e g' volume f r a c t i o n i n a l l o y 81 a s a f u n c t i o n of aging time.
he SAXS d a t a p o i n t s ( a s t e r i s k s ) have been c a l i b r a t e d w i t h t h e d i r e c t comparison r e s u l t s ( c i r c l e s ) a t 4 0 min. aging time.
It i s evident from Guinier camera and TEM r e s u l t s t h a t t h e d e l t a p r i m e volume f r a c t i o n r e m a i n s e s s e n t i a l l y c o n s t a n t a t l o n g e r a g i n g times.
SAXS d a t a i n Figure 2 shows an i n c r e a s e i n volume f r a c t i o n of second phases beyond 1 0 0 min., caused by T1 and T2 p r e c i p i t a t i o n . The i n t e r p r e t a t i o n of t h e SAXS d a t a i n a more q u a n t i t a t i v e way i s r e s t r i c t e d due t o t h e c o m p l i c a t e d shape and s t r u c t u r e of T 1 and T2. A l l t e r n a r y a l l o y s e x h i b i t t h e same (110) [ 1 i 2 ] t y p e t e x t u r e ( F i g u r e 3 ) . The maximum t i m e s random number of t h e (200) p o l e was 11, 7 and 10 f o r a l l o y s 73, 81 and 82, respectively. F i g u r e 4 shows t h e Young's Modulus of t h e b i n a r y a l l o y a s a f u n c t i o n of a g i n g t i m e a t 1900C.
I t e x h i b i t s an i n c r e a s e i n t h e e l a s t i c modulus up t o a p p r o x i m a t e l y 80 m i n u t e s a g i n g time.
The maximum modulus i s approximately 80 GPa.
1 GPa i s t h e l a r g e s t o v e r a l l change i n modulus measured f o r t h e b i n a r y a l l o y where 6' and s o l i d s o l u t i o n a r e t h e only phases present.
The e l a s t i c modulus v e r s u s a g i n g t i m e a t 190°C f o r t h e t e r n a r y a1 l o y s i n t h e unstretched condition, l o n g i t u d i n a l d i r e c t i o n i s given i n Figure 5.
They reach a maximum e l a s t i c modulus a t approximately 1 0 h o u r s a g i n g a t 1 9 0 0 C .
The maximum modulus of a l l o y 73 i s 82 GPa. Alloys 81 and 82 reach a maximum modulus of approximately 80 GPa.
The shear modulus e x h i b i t s t h e same t r e n d s a s t h e Young's modulus ( s e e F i g u r e 6 ) . The v a l u e s ranged from 29 t o 31 GPa.
The P o i s s o n ' s r a t i o measurements d i d n o t e x h i b i t any s i g n i f i c a n t v a r i a t i o n a s a f u n c t i o n of aging time.
The values ranged between 0.30 and 0.33. The v a r i a t i o n i n t h e e l a s t i c modulus e x h i b i t e d by t h e s e a l l o y s can be explained by changes i n t h e microstructure.
During aging, t h e g r a i n s i z e , g r a i n o r i e n t a t i o n ( t e x t u r e ) and d e n s i t y remain unchanged. Therefore, t h e p r e c i p i t a t i o n of second phases i s responsible f o r t h e changes i n e l a s t i c behavior.
The change i n modulus of 1 GPa e x h i b i t e d by t h e b i n a r y a l l o y i s due t o t h e i n c r e a s i n g volume f r a c t i o n of d e l t a prime.
Beyond 100 m i n u t e s a g i n g t h e volume f r a c t i o n of d e l t a prime r e m a i n s c o n s t a n t . Coarsening of t h e d e l t a prime has no measurable e f f e c t on t h e Young's modulus.
This has a l s o been reported by Brous:;aud and Thomas (6) . A volume f r a c t i o n of 12.6% d e l t a prime was determined using the G u i n i e r camera on a sample which had been aged 200 hours.
T
Using a l i n e a r r u l e of m i x t u r e s t h e modulus of t h e d e l t a p r i m e can be c a l c u l a t e d using t h e f 01 lowing equation: E = f g , E 6 , + (1 -f 6 . ) ( E A l + xcLi) . . . . . eq. 5. (6,8,9 ). E q u a t i o n 5 was a l s o u s e d t o p r e d i c t t h e c h a n g e i n modulus a s a f u n c t i o n of d e l t a prime volume f r a c t i o n .
The l i t h i u m c o n c e n t r a t i o n i n t h e s o l i d s o l u t i o n ( C S S ) c a n b e r e l a t e d t o t h e d e l t a p r i m e volume f r a c t i o n according t o t h e f o l l o w i n g equation:
c&A = (yLi -c L i f s f ) / ( l -f 6 1 ) . . . . . . . eq. 6 s S yLi -t
o t a l atomic f r a c t i o n of l i t h i u m i n t h e a l l o y c : ; = 0.225 a c c o r d i n g t o Cocco e t a l . ( 7 ) .

Up t o a p p r o x i m a t e l y 90 m i n u t e s a g i n g , t h e u n s t r e t c h e d t e r n a r y a l l o y s c a n b e t r e a t e d a s two p h a s e m a t e r i a l s c o m p r i s e d of t h e s o l i d s o l u t i o n and d e l t a p r i m e p h a s e s . The a g i n g k i n e t i c s of d e l t a p r i m e can be d e s c r i b e d u s i n g an e q u a t i o n from Turnbull (10): f -e q u i l i b r i u m volume f r a c t i o n f y , -volume f r a c t i o n of 6 ' a t time, t to
-c o n s t a n t B -c o n s t a n t .
T h i s e q u a t i o n d e s c r i b e s w e l l t h e m e a s u r e d c h a n g e i n volume f r a c t i o n of d e l t a p r i m e up t o a b o u t 100 m i n u t e s a g i n g t i m e .
The p a r a m e t e r s u s e d w e r e f = 0.2, t o = 2.7705 min. a n d B = 0.3196 min-l.
U s i n g e q u a t i o n s 5 , 6, a n d 7 t h e c h a n g e i n modulus f o r a l l o y 8 1 aged up t o where T1 b e g i n s t o p r e c i p i t a t e was c a l c u l a t e d ( s e e F i g u r e 7 ) . One c a n s e e t h a t 6 ' p r e c i p i t a t i o n h a s o n l y a weak e f f e c t on t h e Young's modulus.
h e i n c r e a s e i n E b e y o n d 9 0 m i n u t e s i s c a u s e d b y T1 p r e c i p i t a t i o n .
A
T 1 volume f r a c t i o n of .7% was d e t e r m i n e d a f t e r 4 h o u r s a g i n g u s i n g t h e d i r e c t c o m p a r i s o n method.
Assuming a l i n e a r r u l e of m i x t u r e s t h e modulus of T1 c a n b e c a l c u l a t e d u s i n g t h e f o l l o w i n g equation:
U s i n g c o n s t a n t s from e q u a t i o n 5 f o r t h e modulus of t h e s o l i d s o l u t i o n (ESS) t h e T1 modulus c a l c u l a t e s t o about 350 GPa. This v a l u e i s o v e r two t i m e s h i g h e r t h a n a r o u g h a p p r o x i m a t i o n of t h e l o w e r bound performed e a r l i e r (14). The d r o p i n E o c c u r s a t a p p r o x i m a t e l y 8 t o 10 h o u r s a g i n g t i m e w i t h t h e p r e c i p i t a t i o n of t h e i c o s a h e d r a l T2 phase.
The d a t a s u g g e s t s t h a t T2 h d s a n e x t r e m e l y low i n t r i n s i c modulus b e c a u s e i t s volume f r a c t i o n a p p e a r s t o be small.
From F i g u r e 2 f o l l o w s t h a t t h e volume f r a c t i o n of d e l t a p r i m e a t t h e l o n g e r a g i n g t i m e s r e m a i n s c o n s t a n t .
This i n d i c a t e s t h a t t h e T2 phase may grow somewhat a t t h e expense of t h e T1 p h a s e b u t n o t a t t h e e x p e n s e of d e l t a p r i m e . I t may a l s o t a k e l i t h i u m o u t of s o l i d s o l u t i o n , t h u s d e c r e a s i n g t h e modulus of t h e m a t r i x phase even f u i iher.
The t y p e of p r e c i p i t a t e s a r e t h e same i n a l l t h r e e t e r n a r y a l l o y s .
However, t h e k i n e t i c s of p r e c i p i t a t i o n a r e d i f f e r e n t . The e a r l i e r o n s e t of T1 p r e c i p i t a t i o n i n t h e high copper a l l o y , 73, shows up a s an e a r l i e r i n c r e a s e i n modulus and a l a r g e r d i f f e r e n c e between s t a r t i n g and peak modulus condition. The l a t t e r may be e x p l a i n e d by a h i g h e r T1 volume f r a c t i o n .
The modulus of a l l o y 73, s t r e t c h e d 6 % , i s 2 GPa l o w e r t h a n t h e u n s t r e t c h e d m a t e r i a l ( F i g u r e 8). This i s due t o t h e i n c r e a s e 
F i g u r e 9 s h o w s t h a t e v e n d u r i n g a g i n g t h e r e i s n o d i r e c t i o n a l i t y of t h e Young's modulus o b s e r v a b l e w i t h i n experimental e r r o r d e s p i t e t h e f a c t t h a t a w e l l p r o n o u n c e d r o l l i n g t e x t u r e i s
2.
The T1 p h a s e c o n t r i b u t e s p o s i t i v e l y t o t h e e l a s t i c modulus. I t s i n t r i n s i c modulus i s e s t i m a t e d t o be approximately 350 GPa.
3.
A maximum i n c r e a s e i n E w i t h aging time of approximately 5% can b e a t t r i b u t e d t o t h e p r e c i p i t a t i o n of T 1 , and t o a l e s s e r e x t e n t of 6 ' , f o r t h e a l l o y s examined.
T h e r e i s a s i g n i f i c a n t d r o p i n t h e modulus a t t h e peak a g e d c o n d i t i o n (5%). I t i s a s s o c i a t e d w i t h t h e p r e c i p i t a t i o n of t h e T2 phase.
5. Al-Cu-Li a l l o y s w h i c h h a v e b e e n s t r e t c h e d 6% w i l l show a s m a l l e r , b u t f a s t e r i n c r e a s e i n modulus upon a g i n g . E a r l i e r o c c u r r e n c e of t h e T1 phase and enhanced p r e c i p i t a t i o n k i n e t i c s a r e r e s p o n s i b l e f o r t h i s phenomenon,
6.
T h e r e i s no o r i e n t a t i o n d e p e n d e n c e of t h e e l a s t i c modulus observed i n t h e s e a1 loys.
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